Di-(2-ethylhexyl) phthalate (DEHP), the common plasticizer used in the production of polyvinyl chloride, can be converted to the more potent metabolite mono-ethylhexyl phthalate (MEHP). Epidemiological studies have shown an association with elevated induction of rat hepatic cancer and reproductive toxicity in response to MEHP exposure. However, the mechanism of genotoxicity and carcinogenicity induced by MEHP treatment remains unclear. As a means to elucidate the mechanisms of action, lethality and mutagenicity in the adenine phosphoribosyltransferase (aprt+/−) gene induced in several CHO cell types by MEHP were assessed. Dose-response relationships were determined in the parental AA8 cell line, its nucleotide repair-deficient UV5 and base repair-deficient EM9 subclones, and also in AS52 cells harboring the bacterial guaninehypoxanthine phosphoribosyltransferase (gpt) gene and its derived AS52-XPD-knockdown and AS52-PARP-1-knockdown cells. Treatment of AS52 with MEHP led to intracellular production of reactive oxygen species (ROS) and DNA strand breaks in a dose-dependent manner. Separately, mutations in the gpt gene of AS52 cells were characterized and found to be dominated by G:C to A:T and A:T to G:C transitions. Independent AS52-mutant cell (ASMC) clones were collected for the sequential in vivo xenograft tumorigenic studies, 4 of total 20 clones had aggressive tumor growth. Moreover, microarray analysis indicated miR-let-7a and miR-125b downregulated in ASMC, which might raise oncogenic MYC and RAS level and activate ErbB pathway. Comparative evaluation of the results indicates that the principal mechanism of this mutagenic action is probably to be through generation of ROS, causing base excision damage resulting in carcinogenicity.
Introduction
Di-(2-ethylhexyl) phthalate (DEHP) is a common industrial chemical substance. DEHP is able to extend the ductility and malleability of plastic and is widely used in polyvinyl chloride plastic products such as medical supplies, plastic bags and toys (1) . Previous research showed that the intestinal hydrolytic enzymes of mammals can transform DEHP into its primary metabolite mono-ethylhexyl phthalate (MEHP), which has a higher toxicity than DEHP and has both reproductive and developmental toxicity (2, 3) . Though the carcinogenic mechanisms of both DEHP and MEHP still remain to be clarified, prior research has indicated that MEHP may cause toxicity and carcinogenicity in rodent hepatocytes through PPAR-α (4, 5) and may also induce oxidative stress to other cells and cause DNA damage and apoptosis (6, 7) .
DNA is sensitive to environmental factors. Such factors can affect DNA stability and are probably to damage genes. Damage to DNA will cause cells to initiate DNA repair using the base excision repair mechanism to remove lesioned DNA bases (8) , the nucleotide excision pathway to repair bulky gene damage, or the mismatch repair system (9) . If these damages to DNA are not completely or correctly repaired, there is an increased chance for gene mutations, and cancer may be one of the induced downstream diseases.
Previous research involved a model that consists of CHO cells that have a mutation in the purine salvage pathway enzyme hypoxanthine phosphoribosyl transferase (HPRT). Treatment of these cells with 6-thioguanine (6-TG) has been used to select HPRT-mutated cells that have 6-TG resistance and thereby measure the mutation rate of mutagens (10) (11) (12) . Tindall et al. used a pSV2gpt plasmid to transfer the gpt gene of Escherichia coli into the HPRT-deficient CHO cells in order to produce CHO AS52 cells, which have the E.coli gpt gene. Relative to HPRT-CHO cells, the same mutagen will have a higher mutation rate with AS52 cells (13) . As a result, AS52 cells are being used in many studies as the model for detection of the mutagenicity of toxic chemicals (14) (15) (16) . Phillips et al. showed that MEHP has mutagenicity in the HPRT-CHO model. In this study, we used AS52 cells to evaluate whether MEHP is mutagenic and oncogenic as a result of its genotoxicity. The results show that acute exposure to MEHP produces endogenic oxidative stress in AS52 cells, causing DNA base excision damage, which leads to the occurrence of point mutations due to DNA mismatch repair. We implanted the mutated cells into nude mice and found that the mutated cells induced by MEHP are carcinogenic. The present study that we elucidated the role of MEHP-induced reactive oxygen species (ROS) for genotoxicity, providing the evidence for the carcinogenicity of metabolite MEHP in mammalian cell, as well as presenting insight into epigentic modification for MEHP induction.
Materials and methods

Cell culture
Chinese hamster ovary AA8, UV5 and EM9 cells were purchased from Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). The three cell lines were derived from American Type Culture Collection according to manufacturer's instructions. Cells were cultured in modified Eagle's medium culture media (Sigma-Aldrich, St. Louis, MO) with 10% heatinactivated fetal bovine serum (Gibco). CHO AS52 cells, kindly provided by Dr G.Wogan (Massachusetts Institute of Technology, USA). AS52 cells were used as model in previous research (13) (14) (15) (16) . Cells were cultured in Ham's F12 media (Sigma-Aldrich) with 10% fetal bovine serum. All the cell lines were cultured in a humidified atmosphere of 5% CO 2 at 37°C. The regular medium was changed routinely, and all cell lines were subcultured when confluence reached ~80%.
Cell survival in AA8, UV5 and EM9 cells with and without N-acetyl cysteine AA8, UV5, EM9 and AS52 cells were plated at 8 × 10 3 cells/well in 96-well plates and incubated overnight in medium prior to the treatment. After 2 h MEHP treatment, cells were washed with phosphate-buffered saline (PBS) and incubated in medium for additional 0 and 24 h prior to determining cell survival. Viability was detected using a CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS assay) (Promega, USA). The absorbance of the generated formazan was measured at 490 nm with enzyme-linked immunosorbent assay (ELISA) reader (Promega, USA).
RNA interference and transfection
Small interfering RNA (siRNA) for PARP-1 (sense 5′-GACCUA AAGGAGUUGCUUA-3′, antisence 5′-UAAGCAACUCCUUU AGGUC-3′) and XPD (sense 5′-CCAUUAUCAUCGAGCCCUU-3′, antisence 5′-AAGGGCUCGAUGAUAAUGG-3′) and control siRNA (sense 5′-GAUCAUACGUGCGAUCAGA-3′, antisence 5′-UCUGAUCGCACGUAUGAUC-3′) were designed and synthesized by Sigma-Aldrich. Cells were transfected with 30 nM siRNA with Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer's protocol. The transfected cells were collected and performed in following experiment.
Quantification of intracellular ROS and O 2 -generation
Intracellular ROS detection studies were using a CmH 2 DCFDA ROS detection kit (Invitrogen, USA). After 2 h MEHP treatment, AS52 cells were washed with PBS, treated with trypsin-ethylenediaminetetraacetic acid for 5 min and suspended in 0.2 ml/well medium. Aliquots of 100 μl cell suspension from each dose were pipetted into 96-well black plates and mixed with 100 μl Hanks' balanced salt solution containing CmH 2 DCFDA (final concentration 10 μM), incubated for 10 min, at 37°C in the dark. ROS generation was measured at 510 nm by ELISA reader. The ROS levels was normalized and presented as the fold change of the control. Intracellular O 2 -was detected by MitoSOX TM Red mitochondrial superoxide indicator (Invitrogen, USA). The treated AS52 cells were washed with Hanks' balanced salt solution and cultured with 5 μM reagent for 10 min incubation, at 37°C in the dark. Samples were measured at 510 nm by ELISA reader. The levels of O 2 -was normalized and presented as the fold change of the control.
Determination of lipid peroxidation
AS52 cells were plated at 5 × 10 5 cells/well in 6-well plate. After 2 h MEHP treatment, malondialdehyde levels were assessed by using the lipid peroxidation (malondialdehyde) assay (SigmaAldrich) according to manufacturer's instructions. The levels of lipid peroxidation was normalized and presented as the fold change of the control.
Comet assay
The alkaline comet assay, used to detect single-strand DNA breaks. The protocol described by Wood et al. (2010) . AS52 cells were placed in 6-well plates and exposed to MEHP ± N-acetyl cysteine (NAC). After treatment, 50 μl of cells (10 5 cells/ml) were pipetted into each of the agarose. The slide was covered with 1% low melting point agarose. Comet slides were assessed by using CometAssay® Electrophoresis Starter Kit (Trevigen, USA) according to the manufacturer's instructions. Lastly, the Comet slides were stained with SYBR ® Green (Sigma-Aldrich) for the fluorescence imaging. Images were captured using an Olympus 
Gpt mutagenesis in CHO AS52 cells
The detail method of cleaned of pre-existing gpt mutant AS52 cells were described in previous study Chao et al. (2012) . After mutant cleaning treatment, cells were plated at 5 × 10 5 cells/ well in 6-well plate. Cells were exposed to MEHP ± NAC for 2 h. After the treatment, cells were washed with PBS and placed in the regular medium for additional 7 days culture. After the incubation, 5 × 10 5 cells from each group were placed in 100 ml regular Ham's medium containing selection agent 6-TG (10 μM) and plated at 5 × 10 4 cells/10 ml/100-mm dish. After 14 days incubation, colonies were stained with 0.5% crystal violet (Sigma-Aldrich), rinsed, and counted. The spontaneous mutant frequency was determined using the negative control. In addition, twenty-five hundred cells were suspended in 50 ml medium with 10% fetal bovine serum from each dose which were seeded in 100-mm dishes at a density of 500 cells/10 ml for plating efficiency control.
DNA extraction, PCR amplification and molecular analysis of gpt mutants
Single unstained gpt mutant colonies were identified and transferred to 100 mm dishes and grown to ~5 × 10 6 mutant cells. Genomic DNA was extracted from each mutant using GenEluteTM mammalian genomic DNA miniprep kit (SigmaAldrich). Amplification of the genomic DNA was performed in two rounds of nested PCR in a VeritiTM 96-Well Thermal Cycler (Applied Biosystems, USA). Twenty nanogram of template DNA was used to run the first round with 10 μl Taq DNA polymerase, 8 μl sterile water, 1 μl each 3.2 μM forward (bases −199 to −181; 5′-AAGCTTGGACACAAGACAG-3′), reverse (bases 520-540; 5′-CCAGAATACTTACTGGAAAC-3′) primers and amplified with a PCR profile of 95°C: 5 min, 30 cycles of 95°C: 0.5 min, 47°C: 0.5 min, 72°C: 0.5 min and a final extension of 72°C for 10 min. The product from this reaction was filtered using a EasyPure PCR/Gel Extraction Kit (Bioman Scientific CO., LTD, Taiwan) and suspended in 100 μl sterile water to avoid non-specific binding with remaining primers, and a 10 μl aliquot was used as template in the second round of PCR using nested primers (bases −23 to −4; 5′-ATAAACAGGCTGGGACACTT-3′ and bases 460-470; 5′-AGTGCCAGGCGTTGAAAAGA-3′). The PCR conditions were the same in the second round as in the first round reaction. The quantity of gpt gene amplification was analyzed by electrophoresis on 1.2% agarose gels stained with EtBr. The 0.5 kb PCR product was cut out and purified for DNA sequence analysis using the EasyPure PCR/Gel Extraction Kit (Bioman Scientific CO., LTD, Taiwan). DNA sequencing was carried out by ABI 3730 DNA Analyzer.
Cell invasion and soft agar colony forming assays
The cell invasion was measured in the Corning Transwell® 24-well insert plates using Polyester membrane (8 μm pore size). AS52-mutant cell (ASMC) were plated at 5 × 10 5 cells/well in six-well plate and starved in the medium for additional 24 h incubation. Starved cells were suspended in 0.1 ml serum-free medium and added to the upper chamber coated with 0.1% basement membrane extract; 0.6 ml of regular medium was added to the lower chamber. After 24 h incubation, the cells subsided on the polyethylene terephthalate membrane in the bottom chamber were fixed with 4% paraformaldehyde (PFA) and stained with 0.05% crystal violet. The invasion ability of these mutant cells were quantified by counting the cells that invaded to the lower chamber. The ratio presented as the fold change of normal AS52 cells. Anchorage-independent growth was tested by embedding AS52 mutant cells (ASMC, 2.5 × 10
3 ) in a 0.35% agarose (Sigma-Aldrich)/growth medium gel overlaid on solidified 0.5% agarose-containing medium in six-well plate. After 14 days incubation, these colonies were fixed with 4% PFA and stained with crystal violet.
Xenograft animal model
All experiments were conducted in accordance with the principles of animal care and experimentation in the Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committee of the Chung Yuan Christian University approved the use of animals in this study (IACUC ID#: 10105). The 4 week old female nude mice were obtained from the LASCO Laboratory (Taipei, Taiwan) in specific pathogen-free conditions. Mice were obtained excellent care with standard 12/12 light/ dark cycle with temperature at 18-26°C and humidity at 30-70%. Twenty 6TG r subclonal ASMC lines were randomly chosen and incubated in regular medium with 6-TG (10 μM) for 10 generations. 2 × 10 6 cells in 0.2 ml of PBS were subcutaneously injected into the dorsal flank of each mouse. After tumor formation, the mice were sacrificed when the tumor size reached 2 cm.
Hematoxylin and eosin and immunofluorescence stain
Tumors were perfused and fixed in 4% PFA. The tumors were embedded in FSC 22 Frozen section media (Leica, Germany) and soaked in liquid nitrogen. Frozen sections were prepared at 4 μm thickness and fixed by 4% PFA. The sections were sequentially prepared with the hematoxylin and eosin staining protocol. For immunofluorescence staining, the sections were heating for antigen retrieval and then blocked with bovine serum albumin blocking buffer. The sections were incubated with monoclonal anti-rabbit c-myc (1:200, Abcam). Then, the sections were incubated with second Alexa 488-conjugated goat anti-rabbit IgG (Jackson ImmunoReasearch, USA) for 1 h. The sections were mounted with Fluoromount-G™ (eBioscience, USA) DAPIFluoromount-G and observed on an Olympus IX51 fluorescent microscope.
RNA analysis
For quantitative PCR, total RNA was extracted from ASMC and AS52 cells by using TRIzol® (Invitrogen, USA) according to the manufacturer's instructions. Total RNA was quantified and reverse transcribed into cDNA using random hexamer primer and a GScript first-strand synthesis kit (GeneDirex, USA). To assess the quantity of c-Myc, Rab27b, Pak4, Ccnd1, Ccnd2, Arf1, Src and Vegf in AS52 and ASMC cells, the primers used for the amplification were as follows in Supplementary Table S1 . qPCRBio syGreen Mix Lo-ROX reagent (PCR Biosystems, UK) was employed for fluorescence-based quantification of cDNA by real-time QPCR using a myGO PCR® (IT-IS Life Science Ltd, Ireland). The QPCR product was evaluated and normalized to 18S ribosomal mRNA levels and the negative control.
Microarray
For microarray experiment, Mouse miRNA OneArray® v6 (Phalanx Biotech Group, Taiwan), which is based on Mouse (miRBase Release 20) and contain 1883 unique miRNA probes and 114 experimental control probes. The detailed descriptions of the gene array list are available from http://www.phalanx. com.tw/products/MRmiOA_Probe.php. Fluorescent targets were prepared from 2 μg total RNA samples using miRNA ULSTM Labeling Kit (Kreatech Diagnostics, The Netherlands). Labeled miRNA targets enriched by NanoSep 100K (Pall Corporation, USA) were hybridized to the Mouse miRNA OneArray® with Phalanx hybridization buffer by using the OneArray® Hybridization Chamber. The slides scanned using a DNA Microarray Scanner (Molecular Devices, USA). The Cy5 fluorescent intensities of each spot were analyzed by GenePix 4.1 software (Molecular Devices). The signal intensity of each sample was analyzed by using R language. Statistical P value was calculated by student's t-test and fold change was outputted for evaluating differentially expressed genes. The criteria with fold change ≥ 1.74 or ≤ −1.74 and P `value ≤ 0.05 are strongly recommended for further analysis. Sequentially, we used web-based tool mirsystem and KEGG pathway (database for annotation, visualization and integrated discovery) to identify potential biological pathways for miRNAs showing similar expression profiles in cluster analysis. To develop the overall network between miRNA and target genes, an enrichment interaction analysis was performed using Cytoscape v3.1.0 based on the gene ontology terms.
Results
MEHP-induced ROS cause genotoxicity in CHO cells
As shown in Figure 1A , MEHP induces cells to generate intracellular ROS, and the amount of ROS generated is dependent on the dose of MEHP. We next determined the source of the ROS. Using the MitoSOX protocol, we found that after adding MEHP, the mitochondria generate a large amount of superoxide anion (17) ( Figure 1B ). Large amounts of ROS can cause oxidation of lipids, which increases the level of oxidative stress in cells. As shown in Figure 1C , the amounts of malondialdehyde formation and of ROS formation caused by MEHP are proportional, in that they both increase as the dose of MEHP increases. If NAC was added to the experimental group, both the oxidative stress and lipid peroxidation induced by MEHP were reduced.
To evaluate whether the ROS induced by MEHP causes cytotoxicity and genotoxicity to nucleotides, we used AA8 as the normal gene repair group and UV5 [nucleotide excision repairdeficient CHO cells] (14) and EM9 [base excision repair (BER)-deficient CHO cells] (18) as the groups that are defective with regard to repair of damaged genes. The results for cytotoxicity show that after cells were exposed to DEHP for 2 h, AA8 was not affected after DEHP was removed from the cell culture medium. UV5 and EM9, however, showed a decrease in cell viability of ~25% at 50 mM DEHP, while cell viability of AS52 was decreased by ~40% ( Figure 1D ). Twenty four hours after DEHP was removed, all four cell lines still retained 80% viability. In contrast, after the cells were exposed to MEHP for 2 h, there was a significant decrease in viability for all 4 cell lines ( Figure 1E ), particularly for base excision repair-deficient EM9 cells after treatment with 10 mM MEHP. If NAC was added along with MEHP and then both were removed after 2 h, cell viability was higher for all four cell lines ( Figure 1F ).
To further verify whether the MEHP-induced ROS would have the same genotoxicity effects in AS52 cells that have been altered to be nucleotide excision repair-knockdown (KD) and BER-KD, we used siRNA to suppress the XPD (19) and PARP-1 (20) functions of the AS52 cells. Figure 1G shows that at 10 mM MEHP there is higher cytotoxicity in the PARP-KD AS52 cells. As a result, the metabolite MEHP does indeed have a higher cytotoxicity than DEHP, and the ROS formed by MEHP have a higher toxicity toward cells that lack the BER system.
MEHP is genotoxic and mutagenic in AS52 cells
Because MEHP-induced formation of ROS led to DNA damage, we used the comet assay to evaluate whether MEHP causes DNA single-strand breaks. We used concentrations of 0, 10, 25 and 50 mM MEHP to carry out the experiment, though at 50 mM MEHP all the cells died during collection. As shown in Figure 2A , MEHP indeed caused significant single-strand breaks in the cells, and the addition of NAC could minimize the DNA damage caused by MEHP, although the protection was not significant at 25 mM MEHP. We then conducted a comet assay with the PARP-1-KD AS52 cells and the XPD-KD AS52 cells, and as shown in Figure 2B , even after exposure to a lower dose of MEHP (1 mM), the PARP-1-KD cells have a higher level of single-strand breaks.
For the experiments involving mutation selection, AS52 that we used was transformed from AA8 that have a defect in the HPRT gene by transferring the E.coli gpt gene into the cells with pSV2gpt. In this experiment, we exposed the cells to 0, 1, 10 and 25 mM MEHP and added NAC to suppress the formation of ROS. We used colonies that have spontaneous and MEHP-induced mutations to produce mutations using 6-TG and then selected the mutated colonies. The results ( Figure 2C) show that MEHP mutagenicity rises as the dosage rises, while NAC lowers the mutagenicity of MEHP by reducing the formation of ROS. This indicates that MEHP indeed causes DNA damage and induces cell mutation through the formation of ROS. We also carried out mutation selection on PARP-1-KD-AS52 and XPD-KD-AS52 and found that MEHP, even at 1 mM, has significant mutagenicity for PARP-1-KD-AS52, while the siRNA-control cells exposed to 10 and 25 mM MEHP all died during the process of mutation selection. The above result shows that MEHP may induce cell mutation through ROS. Furthermore, when PARP-1 function was blocked, the mutagenicity of MEHP toward the cells increased.
We subsequently did some gpt gene sequencing to analyze the mutation points on the genes. We randomly picked 25 mutant colonies from the experimental group and named the cell strains ASMCs (AS52 mutant cells). Figure 2D and E show that the most common mutations were single base pair substitutions, which comprised 90% of all mutations. Of all the transition mutations, G:C to A:T mutations were the most common, comprising 22% of all such mutations.
The mutant AS52 cells have carcinogenic properties
We used in vivo and in vitro experiments to test if ASMCs are carcinogenic. Using a soft agar assay to measure the anchorage-independent growth ability of ASMCs is one characteristic of transformation of a cell into a cancer cell (21) . The results show that the number of colonies formed by ASMCs was significantly greater than for AS52. Morphologically, we observed that the colonies formed by ASMCs were scattered over a wider area ( Figure 3A and B) . The result of a cell invasion assay shows that ASMCs had significantly better invasion ability than AS52 ( Figure 3C and D) . In order to determine if ASMCs are oncogenic, we randomly picked 20 strains of ASMCs to inject into the hypodermis of the legs of nude mice. After 4 weeks of observation, as shown in Figure 3E , out of 20 strains of cells, 4 strains of ASMCs developed into tumors. The hematoxylin and eosin stain ( Figure 3H) shows that the cells in the tissues had an irregular appearance and alterations in their karyoplasmic ratio. In addition, when immunohistochemistry was used to analyze the proportion of tumor protein c-myc entering the cell nucleus (22, 23) , the results show ( Figure 4H and I) that inside the tumors, ~60% of the c-myc moved into the nucleus, whereas 80% of the c-myc moved into the nucleus in the positive control. The above results show that MEHP indeed has carcinogenic potential in mammalian cells.
microRNA array and gene ontology enrichment analysis of AS52 mutant cells
We carried out microRNA array analysis with ASMCs to evaluate their microRNA profile. As shown in Figure 4A , ASMCs had 106 microRNAs that were affected compared with normal AS52 cells. Of these, the 45 downregulated microRNAs that were selected for the heat map result, with a fold change < −0.8 and P ≤ 0.0001 as our filter conditions ( Figure 4B ). The one showing the greatest downregulation was miR-130a-3p, which declined 1.7 times compared to the control group. This has relevance for the oncogenicity of mir-130a-3p in growth control, migration, and invasion as mentioned in many publications (24) . We then used the website miRSystem to carry out gene ontology enrichment analysis. As shown in Figure 4C , the 45 downregulated microRNAs are correlated with 5615 genes and regulate 22 pathways in the cells (P ≤ 0.0001), including cell proliferation pathways (MAPK signaling pathway, ErbB signaling pathway, TGF-β signaling pathway and Wnt signaling pathway), which may play a role in cancer induction (pathways in cancer, prostate cancer, melanoma, chronic myeloid leukemia, pancreatic cancer, small cell lung cancer, endometrial cancer and renal cell carcinoma).
Last, we focused on the ErbB signaling pathway, because this pathway is most closely correlated with ovarian cancer (25) . As described by the results in a number of publications (Table 1) , we sequentially analyzed the interaction between the microRNAs and the target genes ( Figure 5A) . Previous research has shown that various microRNAs are able to suppress the expression of target genes (ERBB2, ERBB3, myc), but in ASMC cells, many microRNAs have downregulated expression, including let-7 family and miR-125b-5p. This result suggests that the target genes of mutated cells induced after exposure to the plasticizer metabolite MEHP are no longer suppressed by microRNA, causing the cells to become cancerous. To assess the target mRNA expression of mutated cells, we performed quantitative PCR analysis in ASMC. We found almost 8-fold change of c-myc expression and 3-fold change of RAS expression in the ASMC ( Figure 5B ). 
Discussion
Previous research indicated that DEHP, through its primary (MEHP) or secondary (MEHHP and MEOHP) metabolites, induces the formation of ROS (2, 26) and causes alterations in the status of cells through molecular signaling pathways (27) , especially when genes are affected by environmental factors. This can lead to deleterious effects such as DNA adducts, DNA strand breaks, DNA methylation or histone modifications in various tissues, resulting in gene mutations and changes in cell epigenetics that can ultimately transform normal cells into cancer cells (28) (29) (30) .
Although the potential of DEHP in carcinogenesis has been well investigated, there is little report clarifying the role of MEHPinduced DNA damage in cell transformation from oxidative perspective. In this study, AS52 CHO cells were used to test if MEHP causes base excision damage and is mutagenic and then to evaluate the possibility of oncogenicity of the mutated cells and the involvement of microRNA epigenetics. Previous work used this method to study 3,5-dimethoxyamphetamine and the genotoxicity of its metabolites (14) . In Figure 1 , acute high-concentration (10 mM) exposure to the metabolite MEHP gives rise to a lower cell viability for CHO cells lacking base excision repair. By adding NAC (a ROS scavenger), we directly counteracted the ROS and increased the formation of the antioxidant protein glutathione (31) , which provided antioxidant capacity to the cells and significantly suppressed the induction of oxidative stress. Therefore, we concluded that MEHP induces oxidative stress and causes DNA peroxide damage.
Excess ROS cause oxidative stress and lead to DNA damage and peroxidation of proteins and lipids (32) . Previous work has shown that MEHP induces DNA oxidation and causes the formation of 8-oxo-deoxyguanosine (6, 33) , base excision damage (34) and DNA single-strand breaks (35) . In our data shown that MEHP induced DNA single breaks; moreover, the defection of base excision repair may increase the level of DNA single-strand breaks in lower dose MEHP. Apparently, MEHP induce ROS production lead to DNA damage. In addition, MEHP is genotoxic to cells that lack nucleotide excision repair, which may cause the formation of DNA adducts (36) . This result also indicates that MEHP not only causes DNA oxidation damage but also nucleotide damage.
In the experiment analyzing mutagenicity (Figure 2 ), shortterm acute exposure to 25 mM MEHP increased the mutation rate about 3-fold, and the mutagenicity of MEHP is concentration dependent. Addition of NAC suppressed the formation of ROS and lowered the mutation rate of MEHP. However, it is worth noting that 1 mM MEHP in BER-deficient AS52 cells and 25 mM MEHP in regular AS52 cells caused similar cell mutation rates, and the comet assay result also shows that when cells lack BER, a low concentration of MEHP can cause significant DNA single-strand breaks at a level of ~20%. In the result of gpt gene sequencing ( Figure 2D ), the mutations which MEHP caused the most were base substitutions, with G:C base pairing being the highest in number. MEHP also produced ~22% G:C to A:T transitions. Generally speaking, the mutation of G:C base pairing is associated with oxidation damage (37, 38) . Our results found that occurrence of oxidative DNA damage could lead to base excision DNA damage and mutagenicity, while the NAC treatment showed the opposite effects, strongly suggesting that DNA base excision damage might be increased the frequency of cell mutation.
We transferred the mutated cells into culture dishes in regular medium with 6-TG, cultured them for 14 days and then conducted cell transformation analysis with a soft agar assay. The experimental result shows that the number of colonies formed by the mutated cells (ASMCs) was greater than for AS52 cells and with more scattered morphology, and the area in which the mutated cells were distributed was larger than for the AS52 cells (Figure 3 ). In the invasion assay, ASMCs showed greater capacity for motility and invasion. The reason for this may be that by altering c-myc, MEHP can cause expression and activation of TIMP2 and upregulation of MMP2, which increases the cells' capabilities for invasion (38, 39) . For the in vivo assay, as shown in Figure 3E , we used a xenograft model to determine the oncogenic ability of mutated cells. We randomly chose 20 strains of ASMCs, implanted them through subcutaneous injection, measured the first tumor on day 14, and made observations until day 28. We found that 4 out of 20 nude mice had tumor angiogenesis. Hence, the oncogenic rate of ASMCs was 20%.
Epigenetic gene ataxia is an important process in cancer cells, which includes differentiation, proliferation, and (40) , and the reasons for this may include mutation, epigenetic silencing, and alterations in microRNA processing (41) . As shown in Figure 4 , unlike AS52, ASMCs have 45 microRNAs with significant downregulation (P ≤ 0.0001), and these include let-7 family members. This result is similar to the let-7 family, which plays a role in tumor suppression, as previously reported, and is able to suppress oncogenes including the expression of RAS (42) and c-myc (43) . Therefore, expression of let-7 family is low in typical cancer cells (44, 45 In the gene enrichment analysis ( Figure 5 ), we confirmed that many microRNA in ASMCs are directly related to cancerassociated pathways, including downregulated p53 and upregulated ErbB, Wnt and MAPK. Of the five microRNAs that show the greatest difference from control cells (miR-130a-3p, miR27a-3p, miR-25-3p, miR-92a-3p and miR-125b-5p), we found that both miR-125b-5p and miR-27a-3p are related to the ErbB signaling pathway (47) . Research also shows that the ERBB receptor of ovarian cancer has excessive expression (48) . ROS may cause DNA methylation and thereby decrease the expression of miR-125b-5p and increase the expression of ERBB2 and ERBB3 through DNA methyltransferase 1 (49) . Ovarian cancer research also shows that in 19 out of 20 patients, miR-125b is significantly decreased (50) . Herein, epigenetic modification of microRNAs enhanced activation of oncogene, c-myc and Ras, and some pathway known to be ERBB targets such as Pak4, Src and Vegf (51, 52) and c-Myc targets such as Ccnd1, Ccnd2 and Arf1 (43) (Figure 5B ). Overall, consistent with previous ovarian cancer studies, we found that epigenetic modification of microRNA in MEHP-induced mutated cells may have the same properties in ovarian cancer.
Previous publications have shown that endocrine disruptor phthalates have the ability to change epigenetic expression. Our research is the first to show that through the induction of oxidative stress in cells, the primary metabolite MEHP causes base excision damage to CHO DNA, which leads to mutagenicity. The resulting mutations have oncogenic ability, which may be due to changes in microRNA expression that cause ataxia in oncogenes and in tumor suppressor genes and lead to the formation of cancer cells. In the future, we will further examine whether MEHP affects the accuracy of DNA repair through regulation of epigenetic expression, and whether increased phthalate enhances the risk of cancer for humans by changing microRNA expression. 
